Abstract-A series of experiments has been conducted at the Frank Laboratory of Neutron Physics (FLNP) of the Joint Institute for Nuclear Research (JINR) in order to study the possibility of determining the moisture content of coke using a standard neutron source. The proposed method is based on a measurement of the spectrum of prompt γ rays emitted when samples are irradiated by fast and/or thermal neutrons. The moisture content is determined from the area of the peaks of characteristic γ rays produced in the radiative capture of thermal neutrons by the proton (E γ = 2.223 MeV) and inelastic scattering of fast neutrons by 16 O (E γ = 6.109 MeV). The 239 Pu-Be neutron source ( ~ 4.5 MeV) with an intensity of ~5 × 10 6 n/s was used to irradiate the samples under study. A scintillation detector based on a BGO crystal was used to register the characteristic γ radiation from the inelastic fast neutron scattering and slow (thermal) neutron capture. This paper presents the results of humidity measurement in the range of 2-50% [1, 2].
INTRODUCTION
The determination of rock humidity plays an important role solving engineering and geological problems, increases the efficiency of the mineralresource industry, and improves and simplifies the exploration and development of mineral deposits [3, 4] .
The following methods are used for determining rock and soil humidity:
(i) electrical (conductometric, electrohydrothermal),
(ii) capacitive (nuclear magnetic resonance (NMR) and methods applying radioactive sources), (iii) chemical (drying until constant weight is achieved).
Electrical methods are applied for determining humidity in a small range in the case of the constant chemical composition of rocks, constant granule size, and bulk density. NMR requires a specialized complex equipment and is not yet widespread.
The thermogravimetric method developed at the end of the 20th century requires a long time and a certain number of operations, which reduces the efficiency of industrial mining.
Gamma methods allow an indirect determination of the quantitative water content by a variation in rock density. The neutron methods are based on neutron scattering by hydrogen in water. Thus, neutron methods directly connected with the amount of water in the sample present a simple and efficient approach to determining rock humidity.
At present, a large number of studies are devoted to this approach. Various hydrometer designs using different neutron detectors have been developed; they allow measuring humidity in different conditions and for various purposes.
MEASUREMENT METHOD
The measurement method is designated for a quantitative determination of coke humidity. It is based on the detection of γ rays produced in the interaction of neutrons from the 239 Pu-Be source with nuclei contained in water molecules in the studied coke sample in the following reactions:
(i) Inelastic scattering of fast neutrons on oxygen nuclei, 16 О (n, n' γ) 16 О reaction with the emission of characteristic γ rays with an energy of 6.109 MeV (Fig. 1) (i) Radiative capture of slow (thermal) neutrons by hydrogen atoms, 1 H(n, γ) 2 H reaction of deuteron production with the emission of a γ ray with an energy of 2.223 MeV (Fig. 2) .
The 239 Pu-Be source mainly emits fast neutrons which mostly undergo inelastic scattering. In the case of irradiation of a sufficiently large sample, however, as well as due to the presence of various surrounding materials in a real experiment, the neutron spectrum after the sample contains a certain number of slow (thermal) neutrons produced by the thermalization of neutrons from the source, mainly in the interaction with hydrogen-containing materials of the sample and the surrounding materials. Figure 3 shows a schematic diagram of the experimental installation; it consists of the following units:
EXPERIMENTAL INSTALLATION
(i) the 239 Pu-Be neutron source with an intensity of ~5 × 10 6 n/s, (ii) the γ-ray detector based on the BGO crystal (∅76 × 65 mm 2 ), (iii) the DAQ data acquisition and processing system, (iv) detector protection (iron plates) from direct neutrons and γ rays from the 239 Pu-Be source, (v) the sample (about 3 kg of blast-furnace coke wrapped in plastic), (a) Advantages of 239 Pu-Be Source.
Despite the low intensity of the neutron flux emitted by isotropic neutron sources, they have a number of advantages when compared to reactors or accelerators: (1) isotropic neutron sources are portable, (2) they do not require electric power supply or cooling, (3) they have a long lifetime, and (4) their cost is relatively low.
(b) BGO Characteristics. The leading position among detectors applied in γ spectrometry is occupied by detectors based on NaI(Tl) crystals [4] . Until now they were assumed to be the best scintillation detectors with respect to energy resolution (~10% on the 661.7 keV 137 Cs line). NaI(Tl) detectors are relatively cheap; they can have a large volume; and, therefore, they possess high efficiency. Detectors from bismuth germinate (BGO) are also applied in spectrometry. The resolution of BGObased detectors is somewhat poorer than that of NaI(Tl) detectors, but, due to the high charge of nuclei in the crystal, they have a much better ratio of the total γ-absorption peak and the Compton background, especially for high energy gammas.
(c) DAQ Characteristics. The detecting electronics are a 16-channel digitizer ADCM-16 [5] designed as a PCIe board which can be installed in a PC slot and be PC-controlled via the PCIe bus for communication.
(d) Protecting the BGO Detector from the Direct Radiation of the Neutron Source.
For protecting the detector and, correspondingly, reducing its load, iron and lead plates were used. The plates were situated between the source and the detector; see Fig. 3 . The maximum detector-load reduction was achieved for a total shield thickness of 30 cm and was almost independent of the material (iron or lead). Taking into account the density difference, the plate volume being the same, it is more advantageous from a practical point of view to use iron shielding.
(e) Energy Calibration of γ Detector.
For identifying γ rays from thermal neutron capture by protons (2.223 MeV) and characteristic radiation of oxygen 16 O*, the BGO detector was calibrated using the well-known γ lines of the radiation background, as well as the known lines of the 239 Pu-Be neutron source. The calibration was performed using the following lines: 846 keV 56 Fe(n, n'γ) 57 Fe [6] , 4439 keV 9 Be(α, n) 12 C* [7] , 7631 keV 56 Fe(n, γ)
57
Fe [8] , and 10202 keV 74 Ge(n, γ)
75
Ge [9] .
(f) Coal Characteristics. Table 1 gives some parameters characterizing different types of coal applied in industry.
EXPERIMENTAL RESULTS
Coal coke samples with a weight of 3 kg were used in the experiment. The samples were placed in a plastic sealed container; sample humidity was varied by adding a known amount of water into the container and through stirring. We call the sample without the addition of water the reference one, and the humidity of the reference sample was assumed zero. Each sample was irradiated by the neutron flux from the 239 Pu-Be source for 10 h with the simultaneous recording of gamma radiation by the detector. Figure 4 shows the energy spectrum of all detected events; the peaks corresponding to the radiative capture of thermal neutrons by protons (I) and the inelastic scattering of fast neutrons on oxygen nuclei 16 О (II) are shown. The identified peaks were approximated by the Gauss function with account for the background, for which the linear approximation (linear background) was used. After that, the area under the peaks was determined. The approximation by two Gaussians and the linear background was applied in the processing of the hydrogen peak (I).The second Gaussian is determined by the 56 Fe(n, n'γ) 56 Fe reaction with γ-ray energy equal to 2094.9 keV [11] . The approximation by the two Gaussians and the linear background, with the second Gaussian determined by the 56 Fe (n, γ)
56
Fe reaction with γ-ray energy equal to 5920.35 keV [12] , was used in processing the oxygen peak (II). Figures 5-8 show the results of fitting the shape parameters of peaks I and II with the indication of their position and width. The peak areas were calculated using these parameters.
The areas under the 2.223 MeV and 6.109 MeV peaks as functions of the sample humidity in a range of 0-50% were constructed for comparison. They are shown in Figs. 9 and 10 . The areas are normalized to the measurement duration equal to 1 min. The area of the oxygen peak as a function of humidity has a simple linear shape, since it is proportional with good accuracy to the number of oxygen atoms in the sample linearly connected with humidity. The area of the hydrogen peak as a function of humidity has a more complex shape. This is determined by the fact that, in the case of the substantial growth of the water (hydrogen) content in the sample, the number of thermal neutrons increases due to the neutron thermalization in elastic collisions with hydrogen, along with the linear growth of the number of hydrogen atoms on which the neutron capture takes place. This results in a faster growth of the hydrogen peak area at a high water concentration. Table 2 gives the values of the parameter defined as the difference of the areas for the peaks E γ = 2.223 MeV and E γ = 6.109 MeV measured when the reference sample and the samples with added water were irradiated by neutrons, normalized to the area of the peak in the reference sample. Parameter (see Table 2 ), equal to the ratio of R and its measurement error, characterizes the "sensitivity"
of the proposed method based on a determination of the humidity content in coke.
CONCLUSIONS The method described in this study at the present stage offers a highly reliable determination of a minimum measurable humidity level of about 8%.
Further it is planned to (a) improve the method for increasing the precision of coke-humidity measurement and (b) study in detail the possibility of applying this method for determining the elemental composition of rocks using scintillation detectors based on BGO and LaBr 3 crystals and semiconductor detectors from high-purity germanium (HPGe).
